INTRODUCTION
============

Thermal energy harvesting from low-temperature heat sources, such as the human body, is a promising method to feed energy to a vast number of microdevices and sensors in Internet of Things technologies. In particular, thermoelectric generators using conducting polymers are highly suitable for this purpose owing to their inherent lightweight, flexible, and low-toxic nature and their easy fabrication method based on solution processes ([@R1]--[@R3]). However, the thermoelectric performance of conducting polymers is still much lower than that of commercial products, and therefore, guiding principles for optimization are required to design high-performance thermoelectric materials and devices.

One of the key performance parameters in thermoelectric devices is the power factor, *P* = *S^2^*σ, where *S* is the Seebeck coefficient and σ is the electrical conductivity. It has been suggested that most conducting polymers, except for poly(3,4-ethylenedioxythiophene)--based materials, exhibit no maxima of *P* upon carrier doping, i.e., *P* continuously increases with increasing σ for higher doping levels ([@R4]--[@R11]). The origin of this unconventional behavior lies in the empirically known power-law relation of *S* ∝ σ^−1/*s*^, where *s* is equal 3 or 4 in most cases. It has been widely accepted that this unconventional relationship appears due to the disordered nature of the polymer films, where the charge transport is affected by structural/energetic disorders within the film. The *S*-σ relationship in many doped polymers has recently been phenomenologically reproduced by a model considering an energy-dependent transport function ([@R7]). On the basis of the concept above, active control of the disorder effects on the charge transport process is a fundamental approach to control *P* through the modification of the empirical *S*-σ relationship.

Here, we demonstrate that the empirical *S*-σ relationship of conducting polymer can indeed be modified through the controlled carrier doping. We focus on poly\[2,5-bis(3-alkylthiophen-2-yl)thieno(3,2-b)thiophene\] (PBTTT) as a target polymer since it exhibits the highest conductivity of 1300 S/cm among solution-processable semicrystalline polymers via chemical carrier doping with 4-ethylbenzenesulfonic acid ([@R11]), indicating that the doped PBTTT is one of the key materials which are minimally affected by disorders. Actually, we have previously demonstrated that the macroscopic insulator-to-metal transition is induced in the PBTTT thin film by increasing the doping level using the electrolyte gating technique ([@R12]). Unlike the conventional transistors using the solid gate insulator ([@R13], [@R14]), the present technique can continuously control the doping level of conducting polymers up to very high concentrations through an electrochemical process ([@R12], [@R15]--[@R20]). Thus, the electrolyte-gated PBTTT provides a suitable platform to completely understand the thermoelectric properties of PBTTT including the metallic state.

In the present study, we observed the maximum *P* in PBTTT around the insulator-to-metal transition upon carrier doping. In addition, we carefully examined the structural/energetic disorder induced by electrochemical doping by using x-ray diffraction and electron spin resonance (ESR) measurements. A disorder-free film enables the metallic charge transport process in a highly doped state, where the *S*-σ relation is well described by the Mott equation, providing the maximum *P* at the boundary with the nonmetallic region exhibiting the empirical *S* ∝ σ^−1/*s*^ relation.

RESULTS
=======

Thermoelectric properties of PBTTT thin films doped by electrolyte gating
-------------------------------------------------------------------------

[Figure 1 (A and B)](#F1){ref-type="fig"} shows a schematic illustration of the experimental setup, which enables simultaneous measurements of *S* and σ upon carrier doping ([@R18]), and a photograph of the thin-film transistor (TFT) structure of PBTTT, respectively. The TFT device was formed on top of a glass substrate with an ionic-liquid gate insulator as described in Materials and Methods. The carrier concentration can be continuously controlled by applying the gate voltage (*V*~g~) throughout the electrochemical doping process, where the dopant ions infiltrate the bulk film. σ is determined from the current-voltage characteristics obtained under the application of *V*~g,~ as shown in [Fig. 1C](#F1){ref-type="fig"}. *S* is determined from the slope of the thermoelectromotive force (Δ*V*) versus the temperature difference (Δ*T*) between the electrodes (*S* = Δ*V/*Δ*T*) for each *V*~g~, as shown in [Fig. 1D](#F1){ref-type="fig"}.

![Simultaneous measurements of *S* and σ by using the ionic-liquid--gated TFT structure.\
(**A**) Schematic illustration of the measurement system for the thermoelectric properties under electrolyte gating together with the chemical structures of PBTTT and the ionic liquid \[DEME\]\[TFSI\]. The ionic-liquid--gated TFT is mounted between two Peltier devices, and the induced temperature difference (Δ*T*) between the S/D electrodes is monitored by two thermocouples. (**B**) A photograph of the ionic-liquid--gated TFT. (**C**) An example of the drain current (*I*~d~)--drain voltage (*V*~d~) characteristics. (**D**) An example of the thermoelectromotive force (Δ*V*) measurement with respect to Δ*T* under the application of the gate voltage (*V*~g~). (**E**) Electrical conductivity (σ) dependence of the Seebeck coefficient (*S*) and the thermoelectric power factor (*P*) obtained with the electrolyte gating technique. The dashed lines represent the *S* ∝ σ^−1/4^ relation and *P* ∝ σ^1/2^ relation expected from the empirical relation, as well as the *S* ∝ σ^−1^ relation expected from the Mott equation. The inset shows the *S*-log σ (Jonker) plot with a dashed line corresponding to the case of the conventional thermally activated process. Photo credit: K. Kanahashi, Waseda University.](aay8065-F1){#F1}

[Figure 1E](#F1){ref-type="fig"} shows the σ dependence of *S* (top) and *P* (bottom) obtained for two independent devices at room temperature. We obtained highly reproducible data between the two devices with rather small data dispersion due to the continuous carrier doping by the electrolyte gating technique. The observed shape of the *S*-σ relation is reversible unless *V*~g~ exceeds the degradation threshold of device operation (fig. S1). We immediately notice that *P* exhibits a clear maximum above approximately 100 S/cm. Although there have been a few reports on doped PBTTT showing an indistinct signature of a maximum *P* value, no physical background of this behavior has yet been clarified ([@R19], [@R20]). In general, the formation of a maximum *P* is expected in the following two cases: The first case is the conventional nondegenerate semiconductors, where the *S-*σ relation is described by the logarithmic relation of *S* ∝ ln σ (see section S1) ([@R21], [@R22]). In this case, the *S-*σ relation becomes linear in the *S* versus log σ plot (Jonker plot) with an absolute slope of 198 μV/K, which is shown by the dashed line in the inset of [Fig. 1E](#F1){ref-type="fig"}. However, the observed slope of the Jonker plot is much smaller than the expected value, as previously reported for doped polyaniline and polypyrrole ([@R23]). Furthermore, we observe that the slope of the Jonker plot exhibits gradual changes around σ \~ 10 and 100 S/cm, indicating that the conventional thermally activated process cannot simply explain our experimental data. In the second case, it has been pointed out that a maximum *P* tends to be observed if the electronic state changes from nondegenerate to degenerate states upon carrier doping ([@R24], [@R25]). In this case, the *S-*σ relation (or *P-*σ relation) can be divided into two regions at the doping level giving the maximum *P*, reflecting the fundamental change in the electronic properties of the doped materials. The *S-*σ relation observed in [Fig. 1E](#F1){ref-type="fig"} follows the empirical trend of *S* ∝ σ^−1/4^ (or *P* ∝ σ^1/2^) in the low-conductivity region (σ \< 100 S/cm), whereas it deviates from this relation as σ increases, approaching the *S* ∝ σ^−1^ relation, as shown by the dashed lines in [Fig. 1E](#F1){ref-type="fig"}. The inverse relation of *S* ∝ σ^−1^ is, in fact, expected from the Mott equation derived for the degenerate (or metallic) states (see section S1) ([@R22], [@R26]).

In the following, we consider the feasibility of the above scenario from the viewpoints of the structure, microscopic electronic states, and macroscopic transport properties of the doped PBTTT films. Since the electrochemical doping process involves the infiltration of dopant ions into the film, we first examine the possibility of structural modification of the molecular arrangement during the doping process, which can affect the thermoelectric properties. For this purpose, we carried out grazing incidence x-ray diffraction (GIXD) experiments on the doped polymer film as described below.

X-ray structural analyses of doped PBTTT thin films
---------------------------------------------------

[Figure 2](#F2){ref-type="fig"} summarizes the results of GIXD experiments obtained from ex situ measurements (see Materials and Methods). Similar results obtained from in situ measurements are also shown in fig. S2. In the pristine film (*V*~g~ = 0 V), we observed clear out-of-plane (*h*00) scattering peaks corresponding to the lamellar structure up to the fourth order, as well as an in-plane (010) peak corresponding to π-π stacking, indicating the highly crystalline nature of the PBTTT thin film ([@R27]). Atomic force microscopy (AFM) imaging of the film surface also supports the high crystallinity (fig. S3). Upon carrier doping, the peak profiles exhibit clear changes, which are shown in [Fig. 2 (B and D)](#F2){ref-type="fig"} for the (100) peak and [Fig. 2 (C and E)](#F2){ref-type="fig"} for the (010) peak. The scattering vector *q*~z~ of the (100) peak shifts to lower values continuously as \|*V*~g~\| increases due to the expansion of the interlamellar distance from 23.3 Å at *V*~g~ = 0 V to 29.4 Å at *V*~g~ = −1.6 V, as shown in [Fig. 2D](#F2){ref-type="fig"}. This expansion is caused by the intercalation of the bis(trifluoromethanesulfonyl)imide (TFSI) anions within the film, which has also been reported for 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F~4~-TCNQ)--doped PBTTT ([@R28]) or TFSI-doped poly(3-hexylthiophene) (P3HT) ([@R29], [@R30]). Compared to those in previous studies, however, the increase in the lattice spacing in the present case is much larger (\~6 Å), which is close to the length of the TFSI anion of \~8.0 Å (long axis) ([@R31]). This result implies that the TFSI molecules are located in the interlamellar position to form an end-to-end configuration with alkyl side chains, as schematically illustrated in [Fig. 2F](#F2){ref-type="fig"}. Note that even with such a large lattice expansion, we observe no line broadening of the diffraction peaks, as shown in [Fig. 2D](#F2){ref-type="fig"}, indicating that the crystallinity of the lamellar structure is not degraded by anion intercalation. Furthermore, the anion intercalation takes place reversibly as evidenced by the fact that the lattice spacing recovers close to the initial value when we apply a positive voltage after the doping, which is confirmed by the in situ measurements shown in fig. S2B. The time scale of the doping/dedoping process is more than 20 min, judging from the reversibility of the GIXD data. This slow process causes a large hysteresis of σ with respect to the upward and downward *V*~g~ scans as shown in the insets of fig. S1. However, if we focus on the *S-*σ relation in fig. S1B, then no hysteresis is observed, indicating that the ion infiltration does not cause any irreversible damage to the film.

![GIXD measurements of the PBTTT thin film under electrolyte gating.\
(**A**) GIXD patterns obtained from the pristine PBTTT film on a glass substrate. (**B**) *V*~g~ dependence of the (100) peak and (**C**) (010) peak obtained by ex situ measurements, where the ionic-liquid film is removed before the measurements after the application of *V*~g~. (**D**) The *V*~g~ dependence of the interlamellar distance obtained from the (100) peak position and the full width at half maximum (FWHM) of the corresponding peaks. (**E**) π-π stacking distance obtained from the (010) peak position. (**F**) Schematic illustration of the molecular arrangements in the doped film, where the TFSI anions are located in the alkyl chain regions.](aay8065-F2){#F2}

In addition, we also observe a clear shift in the scattering vector *q~xy~* of the (010) peak to higher values upon doping, indicating the contraction of the π-π stacking distance, as shown in [Fig. 2 (C and E)](#F2){ref-type="fig"}. Similar contraction has also been reported in electrolyte-gated P3HT thin films ([@R29], [@R30]). A recent density functional theory (DFT) calculation suggests that interchain polaron delocalization through π-π stacking can be a possible origin of such contraction in doped P3HT ([@R32]). The present GIXD measurements strongly suggest that the system exhibits no structural degradation upon doping, indicating that the deviation of the *S-*σ relation from the empirical trend in [Fig. 1E](#F1){ref-type="fig"} does not originate from the modification of the crystallinity by doping. Then, we consider the change in the electronic state or charge transport properties induced by doping. First, we discuss below the change in the electronic state within the crystalline domains observed by ESR spectroscopy.

ESR measurements of doped thin films
------------------------------------

[Figure 3A](#F3){ref-type="fig"} shows a schematic illustration of the ionic-liquid--gated TFT device, which enables simultaneous ESR and conductivity measurements under the application of *V*~g~ ([@R33]). By applying a negative *V*~g~ to the device, we observe a clear ESR signal of positive carriers (polarons) on the PBTTT chain, as shown in [Fig. 3B](#F3){ref-type="fig"}. The ESR signal is observed with a *g* value of 2.003 independent of the *V*~g~ value when we apply an external magnetic field (**H**) perpendicular to the substrate. This result indicates that the carriers reside in the edge-on oriented region, as shown in [Fig. 3C](#F3){ref-type="fig"}, consistent with the GIXD results showing no crystalline degradation in the doped film (see also section S5).

![ESR measurements of the PBTTT thin film under electrolyte gating.\
(**A**) Schematic illustration of the top-gate bottom contact TFT structure adopted for the ESR measurements under electrolyte gating. Two substrates with a polymer film and an ionic-liquid film on each of them are laminated to form a staggered TFT structure. (**B**) ESR signal obtained under the application of *V*~g~ with a magnetic field (*H*) perpendicular to the substrate. The background signal at *V*~g~ = +1 V was subtracted from all the data. (**C**) Schematic illustration of the edge-on oriented molecules. (**D**) σ dependence of the spin susceptibility χ obtained from the integrated ESR intensity. (**E**) Peak-to-peak ESR linewidth (Δ*H*~pp~). The dashed line in (D) shows a guide to the χ ∝ σ relation.](aay8065-F3){#F3}

From the integrated intensity of the ESR signal, we determined the spin susceptibility χ of the doped film. [Figure 3D](#F3){ref-type="fig"} shows the plot of χ with respect to σ obtained simultaneously with the ESR measurements. In the low-conductivity region, we observe a steep increase in χ as σ increases. In the lightly doped regions, where polarons are magnetically isolated, the spin susceptibility follows the Curie law of χ = *Ng*^2^μ~B~^2^*S*(*S* + 1)/3*k*~B~*T*, where *N* is the total spin number. In this case, the spin susceptibility is proportional to the carrier concentration *n*, and then, the relation χ ∝ σ is expected under the assumption of constant mobility. This relation is indeed observed in the very low-conductivity region of σ \< 0.01 S/cm in [Fig. 3D](#F3){ref-type="fig"}, indicating that the isolated polarons dominate the charge transport through the hopping process. In this case, it is well documented that the ESR linewidth is governed by the hyperfine interaction with neighboring proton nuclei (see also fig. S4A), which is independent of *n* ([@R33], [@R34]). This phenomenon is consistent with the fact that the peak-to-peak ESR linewidth (Δ*H*~pp~) exhibits almost no σ dependence in the low-conductivity region, as shown in [Fig. 3E](#F3){ref-type="fig"}.

Above σ \~ 1 S/cm, on the other hand, we observe clear line broadening, as shown in [Fig. 3E](#F3){ref-type="fig"}, indicating qualitatively different spin dynamics in this region. Similar line broadening has also been observed in our previous ESR measurements of doped PBTTT ([@R33], [@R35]), and the origin of this behavior is reasonably ascribed to the Elliott mechanism of conduction electrons ([@R36]). In this case, the spin-flip scattering of the conduction electrons by phonons determines the spin relaxation time, causing the broadening of the linewidth. Since the spin-phonon interaction is mediated by spin-orbit coupling, similar to the *g*-shift (Δ*g*) from the free electron *g* value (2.0023), the linewidth in this process strongly correlates with the *g* value according to the relation of Δ*H*~pp~ ∝ (Δ*g*)^2^/τ, where τ denotes the spin-flip scattering time ([@R37]). A positive correlation between the *g* value and linewidth is observed in the angular dependence of the *g* value and linewidth, as shown in fig. S4, in the region of σ \> 1 S/cm, strongly supporting that the carriers start to delocalize. This fact indicates that the energetic disorder, which tends to result in trap-limited charge transport, does not dominate the transport process within the crystalline domain above 1 S/cm.

When the delocalized carriers form the degenerate (or metallic) state upon doping, the Curie law no longer holds, and Pauli spin susceptibility is expected. In this case, χ is proportional to the density of states at the Fermi energy level, not to *n* ([@R38]). We have previously confirmed that temperature-independent Pauli spin susceptibility is indeed observed in highly doped PBTTT using the electrolyte gating technique, although the σ dependence of χ was absent ([@R33]). In the present study, we observe that the increase in χ almost saturates as σ increases above 1 S/cm, which involves line broadening due to carrier delocalization. This observation is the microscopic signature of the formation of the degenerate (or metallic) electronic state within the edge-on oriented domains. The present ESR parameters exhibit no prominent anomalies around σ \~ 100 S/cm, where the S-σ relation shows deviation from the *S* ∝ σ^−1/4^ relation in [Fig. 1E](#F1){ref-type="fig"}, although the line broadening causes relatively large errors in estimating χ in this region. This finding indicates that the thermoelectric property changes independently of the microscopic electronic state within the domains. We then examine the change in macroscopic charge transport processes upon carrier doping, as discussed below.

Macroscopic charge transport properties of doped films
------------------------------------------------------

[Figure 4A](#F4){ref-type="fig"} shows the temperature dependence of σ obtained at various *V*~g~ values. We observe a clear increase in the room temperature conductivity (σ~RT~) as \|*V*~g~\| increases. A region exhibiting a negative temperature gradient (*d*σ/*dT* \< 0), indicating the metallic state, appears in the high \|*V*~g~\| region. Metallic behavior is observed even below 200 K at \|*V*~g~\| \> 1.7 V, which is lower than the freezing temperature of the electrolyte, indicating that the appearance of metallic behavior is not an artificial effect due to the mobile ions. Although the conductivity exhibits nonmetallic behavior at low temperatures, the crossover temperature shifts toward lower temperature sides as \|*V*~g~\| increases, indicating that the metallic state becomes more stabilized as the doping level increases. We further confirm the formation of the metallic state from the magnetoresistance measurements at *V*~g~ = −2.2 V and 150 K. The result is shown in [Fig. 4B](#F4){ref-type="fig"} with *H* perpendicular to the substrate. We observe a small but finite positive magnetoresistance (Δρ = ρ(*H*) − ρ (0)) following the simple quadratic relation of Δρ ∝ *H*^2^, characteristic of the metallic state. No signatures of weak localization or variable-range hopping mechanisms are observed in [Fig. 4B](#F4){ref-type="fig"}, in contrast to the case of doped PBTTT exhibiting nonmetallic conductivities (*d*σ/*dT* \> 0) ([@R28]). These findings strongly indicate that the present PBTTT undergoes a macroscopic metallic transition through the electrolyte gating technique at high temperatures. Further details of the macroscopic charge transport processes, especially for low-temperature insulating state, will be published elsewhere.

![Macroscopic charge transport measurements of doped PBTTT thin films.\
(**A**) Temperature dependence of σ obtained under the application of *V*~g~. The arrows and filled data points indicate the position of the conductivity maximum. (**B**) Magnetic field dependence of the magnetoresistance ratio (Δρ/ρ) obtained under *V*~g~ = −2.2 V at 150 K. The magnetic field is applied perpendicular to the film plane, as illustrated in the figure. The solid curve shows the fitting of the experimental data by the quadratic relation of *H*.](aay8065-F4){#F4}

Relation between the charge transport and thermoelectric properties
-------------------------------------------------------------------

[Figure 5A](#F5){ref-type="fig"} summarizes the room temperature *S*-σ relations obtained in the present study together with those reported by other groups with different doping methods and dopants ([@R5], [@R8], [@R9], [@R19], [@R20]). The information about the electronic state and the charge transport process, found as described above, is also included in the figure. We immediately notice that the conductivity at which the *S*-σ relation deviates from the empirical trend agrees fairly well with the conductivity at which metallic transport properties are observed, i.e., σ~RT~ \~ 100 S/cm. This finding strongly supports that the *S* ∝ σ ^−1^ relation observed in the high-conductivity region indeed follows the Mott equation, reflecting the metallic nature of the system. In contrast, σ exhibits a nonmetallic temperature dependence in the region of σ~RT~ \< 100 S/cm, although the microscopic electronic state within the crystalline domain is metallic above 1 S/cm. This result indicates that the macroscopic charge transport process is mainly limited by structural inhomogeneity, such as domain boundaries, not by the charge trapping within the crystallites. The empirical relation of *S* ∝ σ^−1/4^ seems to be observed in this case independent of the microscopic electronic states, such as the degenerate state, nondegenerate state, or isolated polarons. We stress here that the maximum power factor appears at the boundary of the macroscopically metallic state and the nonmetallic state in the doped PBTTT film.

![Relation of thermoelectric properties and charge transport processes.\
(**A**) *S*-σ relations obtained in the present study together with data reported by other groups using different doping methods and dopants ([@R5], [@R8], [@R9], [@R19], [@R20]). The information about the microscopic electronic state obtained from the ESR measurements, as well as the macroscopic transport properties obtained by the temperature dependence of σ, is also shown. The dashed lines represent the same information as in [Fig. 1E](#F1){ref-type="fig"}. (**B**) Schematic illustration of the ordered (or crystalline) domains and the domain boundaries in the PBTTT thin film. Adjacent domains are connected by tie molecules, shown in red, which enable macroscopic charge transport. (**C**) Structural optimization of the dimer unit in a single PBTTT chain in the neutral (top) and cationic (bottom) states. The numbers are dihedral angles between the adjacent subunits of thiophene (T) and thienothiophene (TT).](aay8065-F5){#F5}

Here, we discuss how macroscopic metallic transport becomes possible by electrolyte gating of the present polycrystalline PBTTT film. It is widely accepted that the macroscopic charge transport process in polycrystalline polymer films is mediated by tie molecules between the crystalline domains, as schematically illustrated in [Fig. 5B](#F5){ref-type="fig"} ([@R39], [@R40]). In this case, the local structure of the tie molecules crucially affects the transport process. We then carried out the structural optimization of the neutral and cationic states of an isolated PBTTT molecule by DFT calculation considering the dimer units. As in the case of a similar optimization reported previously ([@R41]), the PBTTT backbone in the neutral state tends to show a large torsion at the thiophene-thienothiophene bonds, as shown in [Fig. 5C](#F5){ref-type="fig"} (top), which should limit the on-chain charge transport of the tie molecule and thus the interdomain transport. However, the optimized structure in the cationic state shown in [Fig. 5C](#F5){ref-type="fig"} (bottom) exhibits perfect planarity with C~2h~ symmetry. In addition, the structure becomes more resilient to conformational disorder than the structure in the neutral state as demonstrated in fig. S5. The planar molecules enable highly efficient interdomain connection ([@R40]--[@R44]), which may explain the metallic transition observed in the present study. However, the domain connection by tie molecules should be quite sensitive to the doping condition, presumably due to the structural/energetic disorder of the isolated tie molecules induced by the dopant. The metallic behavior in the present study using a thin ion gel insulator is observed down to much lower temperatures than those in our previous report using a thick and viscous ionic-liquid insulator ([@R12]). This finding is also consistent with the fact that the metallic temperature dependence of σ is not commonly observed in the PBTTT thin films, although highly sophisticated doping methods are adopted ([@R28], [@R45]). We conclude that moderate doping by the present electrolyte gating technique enables efficient interconnection of the crystalline domains, resulting in the macroscopic metallic transition to give the maximum *P* in the PBTTT thin film.

DISCUSSION
==========

The present results demonstrate that the thermoelectric power factor in conducting polymers can be maximized by careful doping; the electrolyte gating technique enables moderate control of the carrier concentration without inducing structural/energetic disorder, resulting in modification of the macroscopic transport properties from inhomogeneous nonmetallic transport limited by domain boundaries to homogeneous metallic transport mediated by the rigid tie molecules connecting the adjacent domains. The maximum power factor is observed at the boundary of these transport processes.

The above scenario will be further supported if we obtain the temperature dependence of the Seebeck coefficient at various doping concentrations, which provides detailed information of the charge transport mechanism ([@R1], [@R14], [@R41]). These measurements are now under preparation. Furthermore, evaluation of the thermal conductivity is essential to determine the thermoelectric figure of merit *ZT* ([@R46], [@R47]). The combined research using this information provides further physical background for designing high-performance polymer-based thermoelectric devices for future energy harvesting technologies.

MATERIALS AND METHODS
=====================

Sample preparation
------------------

Samples of PBTTT with hexadecyl side chains (*M*~w~ = 73,700 to 82,800) were purchased from Merck Co. Ltd. The electrolyte-gated TFT structure for the measurements of thermoelectric properties was fabricated on a glass substrate (Corning XG) with typical dimensions of 1 mm by 1 mm by 0.5 mm cleaned by sonicating in deionized water, acetone, and 2-propernol for 5 min each. The substrate was then treated with octyltrichlorosilane vapor to form a hydrophobic surface. The polymer layer was then fabricated by spin-coating *o*-dichlorobenzene solution (7.5 mg/ml; 2000 rpm for 120 s), followed by annealing (180°C, 30 min) on the substrate patterned with Cr (3 nm)/Au (30 nm) gate/source/drain electrodes. Last, the ionic-liquid film was fabricated by drop-casting \[N,N-diethyl-N-methyl-N-(2-methoxymethyl)ammonium\]\[bis(trifluoromethanesulfonyl)imide\] \[(DEME)(TFSI)\] (Nisshinbo Holdings Inc.) on the device to form the side-gate TFT structure, as illustrated in [Fig. 1A](#F1){ref-type="fig"}. The typical channel length (*L*) and channel width (*W*) were 400 μm and 2 mm, respectively.

For the ex situ GIXD measurements, we fabricated the side-gate device structure as described above, except that the spin-coating condition of the PBTTT solution is slightly different (4000 rpm for 90 s). For the in situ GIXD measurements, we also adopted the side-gate device structure as mentioned above, except that we adopted an ion gel insulator. The acetone solution of \[DEME\]\[TFSI\] and poly(vinylidene fluoride-*co*-hexafluoropropylene) with a 1:1 weight ratio was spin-coated (6000 rpm, 120 s) on a glass substrate. Upon evaporation of the solvent, a thin ion gel film with a typical thickness of \~1 μm was obtained. The ion gel film was delaminated from the substrate and then laminated on the polymer film formed on the electrode-patterned substrate instead of the drop of ionic liquid in the case of ex situ GIXD measurements.

For ESR measurements, we adopted a top-gate bottom contact (or staggered) device structure, as illustrated in [Fig. 3A](#F3){ref-type="fig"} and reported previously ([@R33]). The polymer film was fabricated on a 3-mm by 30-mm quartz substrate patterned by Cr (5 nm)/Au (30 nm) source/drain electrodes. *L* and *W* are 100 μm and 15 mm, respectively. The ionic-liquid film was separately formed on a polyethylene naphthalate substrate patterned with a Cr (3 nm)/Au (30 nm) gate electrode by drop-casting an ethyl acetate solution of \[DEME\]\[TFSI\] and poly(methyl methacrylate) (*M*~w~ = 120,000; Aldrich Co. Ltd.) with a weight ratio of 9:1. Last, these two substrates were laminated with each other and sealed into an ESR sample tube.

For determination of the temperature dependence of the conductivity and magnetoresistance measurements, we fabricated side-gate TFTs with a thin ion gel insulator as described above. The polymer film was fabricated by spin-coating (4000 rpm for 90 s), followed by annealing at 215°C for 20 min and subsequent slow cooling. *L* and *W* were 40 μm and 2 mm, respectively. By using a thin ion gel insulator with a typical thickness of 1 μm, the surface tension at the polymer/ion gel interface produced by different thermal expansion coefficients is minimized, which is necessary to avoid sample cracking during low-temperature measurements.

Device characterization
-----------------------

Thermoelectric properties were measured at room temperature as follows. The electrolyte-gated TFT was mounted between two Peltier elements to give a temperature gradient. The electrical conductivity was determined from the current-voltage characteristics obtained by the two-probe method under the application of *V*~g~. The Seebeck coefficient was determined from the linear slope of the thermoelectromotive force (Δ*V*) versus the temperature difference (Δ*T*) induced between the source and drain electrodes for each *V*~g~ value. The Δ*T* was measured by two thermocouples (K type, ϕ = 100 μm). Note that the linearity of the Δ*V*-Δ*T* slope was degraded when the channel resistance was high in the low \|*V*~g~\| region, possibly due to the voltage drop caused by the small leakage current. Thus, the Seebeck coefficient in the low-conductivity region of σ \< 1 S/cm was not measured in the present study.

GIXD measurements were performed using a Rigaku FR-E Micro-focus High Intensity X-ray generator system with a CuKa x-ray source (λ = 1.5418 Å) at the High Intensity X-ray Diffraction Laboratory at Nagoya University. The in-plane and out-of-plane diffractions were detected by an imaging plate. Ex situ measurements were carried out by removing the ionic liquid before the GIXD measurements after the application of each *V*~g~ for \~15 min. After the GIXD measurements, the ionic liquid was dropped again, and the next *V*~g~ was applied. The in situ measurements were carried out with the ion gel film formed on top of the polymer film during the application of *V*~g~. The incident x-ray was irradiated on the polymer film surface through the ionic-liquid layer.

ESR measurements were performed using a Bruker E-500 spectrometer. A TE~011~ cylindrical cavity with a high-quality factor was adopted for highly sensitive measurements. The magnetic field was determined with an accuracy of ±0.01 G using a nuclear magnetic resonance teslameter. The spin susceptibility was determined by twice integration of the first-derivative ESR signal calibrated according to that of CuSO~4~·5H~2~O.

The temperature dependence of the conductivity and the magnetoresistance measurements were performed by using a physical property measurement system (PPMS) (model 6000, Quantum Design). The gate voltage was applied at room temperature. After waiting until the gate current falls to a stationary value (typically 20 min), the sample was cooled at a rate of 5 K/min down to 180 K. The conductivity above 180 K was measured by the pseudo-four-probe method under the application of *V*~g~. The current-voltage characteristics were measured by using an Agilent B1500A semiconductor parametric analyzer, whereas the voltage drop between the source-drain electrodes was monitored by a nanovoltmeter (Hewlett-Packard 34420A). Below 180 K, where the ion gel is frozen, the cooling rate was reduced to 0.3 to 0.5 K/min, and the conductivity was directly measured by the PPMS system without applying *V*~g~ because the doping level is maintained in this case. The magnetoresistance was measured under a magnetic field applied perpendicular to the film.

DFT calculation
---------------

DFT calculations of the optimized structures of the dimer units were performed with the B3LYP functional and 6-311G(d, p) basis set. The alkyl side chains were replaced by methyl units. The calculations were carried out using the Gaussian 16 software package ([@R48]).
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Fig. S1. Thermoelectric properties of the electrolyte-gated PBTTT thin films.

Fig. S2. In situ GIXD measurements of electrolyte-gated PBTTT thin films.

Fig. S3. AFM imaging of the PBTTT thin film.

Fig. S4. Angular dependence of the ESR parameters at various doping levels.

Fig. S5. DFT calculation of the torsion potential.
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